The HPTN 052 study demonstrated a 96% reduction in HIV transmission in discordant couples using antiretroviral therapy (ART).
Introduction
Over the past decade, remarkable progress has been achieved in the scale-up of HIV treatment in low and middle-income countries, particularly in sub-Saharan Africa [1] . However, approximately 2 million individuals globally still acquire HIV infection on an annual basis [1] . In rapid sequence, the results of several clinical trials have re-energized the HIV prevention agenda. Three clinical trials have demonstrated the effectiveness of male circumcision for prevention of HIV acquisition in men [2] . Two recent trials have shown the efficacy of vaginal tenofovir gel and oral tenofovir/emtricitabine for preventing HIV acquisition in women and MSM, respectively [3, 4] . Additionally, recent results from the HPTN 052 randomized clinical trial demonstrated that treating HIV-infected partners in discordant couples with antiretroviral therapy (ART) was associated with a 96% decrease in HIV acquisition by the uninfected sexual partners [5] . Earlier evidence from observational studies of HIV discordant couples in sub-Saharan Africa had also demonstrated that the use of ART by the HIV-infected partner was associated with a significant decrease in risk of HIV transmission to the uninfected partner [6, 7] . However, the impact of treating discordant couples in reducing HIV epidemics will depend upon the degree to which transmission in these couples contributes to the country-level incidence rate.
The importance of discordant couples in driving an HIV epidemic is a controversial issue. In one study from Rwanda and Zambia, the authors indicated that transmission within discordant married or cohabitating couples could be responsible for up to 60% of new infections [8] . Conflicting findings were reported from Uganda, where transmission of HIV in stable discordant couples accounted for a minority of observed transmissions [9] . Moreover, in a recently published modeling study the complexity of this issue was highlighted by the results, which showed that the contribution of transmission in discordant couples to the overall epidemic is very sensitive to both the overall prevalence of HIVand the proportion of couples that are in stable partnership [10] . Notably, these modeling results could explain the conflicting findings between the empirical studies.
Mathematical modeling is a useful tool to estimate the impact of public health interventions on HIV epidemics. The first modeling analysis of the effect of ART as prevention was published over a decade ago and predicted the impact of treatment in preventing infections in the MSM community in San Francisco [11] . A subsequent modeling study demonstrated that widespread use of treatment could eliminate HIV epidemics [12] . A more recent modeling study has corroborated these earlier results [13] .
In this study, we use mathematical modeling to assess the implications of the HPTN 052 study results for the global control of HIV epidemics. Specifically, we predict the potential effect of treating discordant couples to prevent transmission on reducing the annual incidence rate in Lesotho, Malawi, Rwanda and Ghana; we also calculate the annual number of infections that would be prevented in each country.
Methods
To conduct our analyses we used a previously published mathematical model in which individuals in the sexually active population are divided into two groups: one composed of stable couples and the other of individuals in short-term and/or concurrent partnerships [14] . In the model, stable couples include those that are concordant positive, concordant negative or discordant. The model was modified to assess the epidemic-level effect of treating HIV-infected partners in stable discordant couples to prevent transmission. Technical details of the model are given in the Appendix, http://links.lww.com/QAD/ A182.
We selected four countries in sub-Saharan Africa (Ghana, Lesotho, Malawi and Rwanda) to predict the potential effect of treating discordant couples to prevent transmission. We predicted the effect on reducing the annual incidence rate and we also calculated the number of infections prevented at various coverage levels. The four countries we analyzed differ significantly in population size (Table 1) . They also vary in HIV prevalence levels (19.5% in Lesotho, 7.1% in Malawi, 1.7% in Rwanda and 0.9% in Ghana) and in the proportion of couples that are discordant (i.e. discordancy rates: 13.6% in Lesotho, 9.7% in Malawi, 3.1% in Rwanda and 2% in Ghana) [14] . We calibrated the model using country-level prevalence data. To conduct our analyses, we assumed transmission within stable discordant couples would be 10% per year [15] , and that (as demonstrated in HPTN 052) ART would be 96% effective in reducing transmission within a discordant couple. Using country-specific data on prevalence, population size and discordancy rates [14] , we calculated the number of couples in each of three mutually exclusive categories: concordant positive, concordant negative and discordant (Table 1) . We then predicted the potential impact of treating discordant couples to prevent transmission assuming that 40 or 70% of the population are in stable partnerships; stable partnerships include couples that are concordant positive, concordant negative or discordant. We varied treatment coverage (i.e. the percentage of discordant couples that receive ART) from 0 to 100%. Technical details of our analyses are given in the Appendix, http://links.lww.-com/QAD/A182. Figure 1a and b show the models' predictions for the reduction in the annual HIV incidence rate in Ghana, Lesotho, Malawi and Rwanda as a function of increasing treatment coverage in discordant couples. Figure 1a was constructed based on the assumption that 40% of the population are in stable partnerships and Fig. 1b on the assumption that 70% of the population are in stable partnerships. Reduction in the incidence rate per 1000 person-years would be greatest in Lesotho, moderate in Malawi and minimal in Rwanda and Ghana. Even moderate treatment coverage for discordant couples would result in a significant reduction in incidence in Lesotho and Malawi. However, even a very high coverage of treatment would only slightly reduce the incidence rate in Rwanda and Ghana (Fig. 1a and b) . The greater the proportion of the population that are in stable partnerships (whether they are concordant positive, concordant negative or discordant) the more effective treatment of discordant couples will be in reducing the annual incidence rate; compare Fig. 1a with Fig. 1b. We also used the model to predict the annual number of infections that could be prevented per year in discordant couples, assuming the positive partners are treated with ART. Figure 1c and Fig. 1d show the effect of treatment coverage in discordant couples in Ghana, Lesotho, Malawi and Rwanda. Figure 1c was constructed based on the assumption that 40% of the population are in stable couples and Fig. 1d on the assumption that 70% of the population are in stable couples. These figures show the annual number of infections prevented in discordant couples would be greatest in Malawi, fairly high in Ghana and low in both Lesotho and Rwanda.
Results
Our predictions, for Malawi, demonstrate that there would be a fairly large reduction in annual incidence and a substantial number of infections prevented if HIV treatment in discordant couples was considerably expanded. However, in Ghana there would be a large number of infections prevented, if treatment of discordant couples is expanded, but the reduction in annual incidence would be low. Notably, the predicted annual number of infections prevented is similar (and low) in Lesotho and Rwanda, but the reduction in annual incidence is substantially greater in Lesotho than Rwanda.
Discussion
Country-specific differences in the reduction in HIV incidence due to treatment of discordant couples to prevent transmission depends on two factors: HIV prevalence and the percentage of couples that are discordant. The higher the HIV prevalence and/or the greater the percentage of couples in discordant partnerships the more incidence will be reduced; therefore, the greatest reduction (among the four countries we have analyzed) is anticipated to occur in Lesotho. However, country-specific differences in the number of infections prevented are due to a complex interaction among three factors: population size, HIV prevalence, and the percentage of couples that are discordant. Due to this complex interaction effect it is not obvious which country will benefit the most -in terms of infections prevented -from treating HIV discordant couples to prevent transmission. For example, in our comparison of four countries, our modeling shows that Malawi would benefit the most even though it is neither the country with the greatest population size nor the one with the highest prevalence of HIV or the highest degree of discordancy. Our model provides a framework for quantifying the complex interactions between the demographic and epidemiological factors in order to identify which countries are likely to benefit the most from treating discordant couples to prevent transmission. The findings from HPTN 052 raise important programmatic, clinical and ethical issues. From a programmatic perspective, to garner the benefits of treatment in discordant couples for prevention, even in countries where the anticipated effect would be substantial will require considerable efforts. Finding such discordant couples will require extensive efforts as their prevalence is low even in countries with a high overall HIV prevalence. For example, in Lesotho, a country with approximately 20% HIV prevalence, only 14% of couples are estimated to be discordant, whereas approximately 67% are concordant HIV negative and 20% concordant positive [14] . Finding discordant couples will be even more challenging in countries with larger populations such as Ghana, Malawi and Rwanda (Table 1) , and in countries where the percentage of couples that are discordant is lower than in Lesotho, for example 10% in Malawi, 3% in Rwanda and 2% in Ghana. Failure to identify discordant couples will result in low treatment coverage. For example, if only 50% of discordant couples in a population are detected and 80% of the positive partners in such couples are initiated on ART to prevent transmission, treatment coverage in discordant couples will only be 40%. In addition, concerted efforts will be needed to rapidly assess such couples, initiate ART for the HIV-infected partner and to provide supportive services to achieve high adherence with long-term maintenance of viral suppression to achieve the prevention potential of ART. At the same time it is unclear whether use of ART for prevention in discordant couples would be associated with risk behavior compensation and a decrease in use of other prevention methods. Thus, optimization of the prevention potential of providing ART for discordant couples will require substantial commitment and the allocation of appropriate resources.
Modeling treatment for prevention in discordant couples
The lack of certainty with regards to the individual clinical benefit of ART for the HIV-infected partner in a discordant partnership who otherwise would not be eligible for treatment based on their own HIV disease stage also raises ethical concerns. Findings from HPTN 052 demonstrated a statistically significant, albeit modest benefit of early versus delayed ART in the HIV-infected partners with a statistically significant higher risk of grade 3 or 4 laboratory abnormalities in the early ART group [5] . In addition, offering ART to individuals with earlier HIV disease for the purpose of prevention raises equity concerns, as there are currently millions with advanced HIV disease who urgently need ART for their own health and survival [1] .
In summary, we have developed a model that provides a quantitative framework for identifying the characteristics of the countries most likely to benefit from treating discordant couples to prevent transmission. Our modeling shows that treatment of discordant couples is unlikely to be the sole answer for controlling HIV epidemics. However, we have shown that if high treatment coverage levels are reached for discordant couples, this intervention could significantly reduce incidence and prevent a substantial number of infections in certain countries. These insights can assist policy makers and public health practitioners in deciding whether to prioritize the identification and treatment of discordant couples as a key component of their HIV control strategy. Such an approach will enable the findings from HPTN 052 to be appropriately integrated into broader HIV control programs around the world.
